Abstract: Activated carbon prepared from tamarind fruit shells by direct carbonization was used for the removal of rhodamine B and malachite green dyes from aqueous solutions. Adsorption studies were performed by varying such parameters as dye concentration, pH of the dye solution, time and temperature. The equilibrium adsorption data obtained were used to calculate the Freundlich, Langmuir and Redlich-Peterson isotherm parameters. Increase in pH of the solution pH resulted in increased adsorption of both the dyes. Kinetic studies indicate that the pseudo-second order model can be used for describing the dynamics of the sorption processes. Film diffusion of the dyes was the rate determining step at low dye concentrations while diffusion of dyes through the pores the carbon particles determined the overall uptake at high concentrations. Thermodynamic parameters of the endothermic sorptions were evaluated using van't Hoff equation. Desorption studies with acids were also performed in order to regenerate the used carbons.
Introduction
The cleaning of wastewater is one of the most serious environmental problems of the present day. Discharge of dyeing industry wastewater into natural water bodies is not desirable as the colour prevents reoxygenation in receiving waters by cutting off penetration of sunlight. This upsets the biological activities in water bodies. Most of the dyes used as colouring materials are toxic to aquatic organisms 1 . In addition, wastewaters from dyeing and textile industries easily produce toxic trihalomethanes when chlorinated 2 .
Methods such as chemical coagulation 3 , ozonization 4 , membrane filtration 5 , electrolysis 6 , oxidation 7 and bio-degradation 8 have been widely used for the removal of dyes from water and wastewater. As these established technologies are often unable to adequately reduce contaminants concentrations to desired levels 9 a search is on more effective and economic treatment techniques.
Adsorption is by far the most effective and non-destructive technique that is widely used for the removal of dyes from aqueous solutions. It is attractive as the adsorbed dyes can be recovered with suitable regenerating agents. To make the treatment process economic several investigators have concentrated their work on low-cost, adsorbent materials.
The present study is undertaken to evaluate the applicability of a carbon prepared from tamarind fruit shells (TFC) for the removal of rhodamine B and malachite green dyes from aqueous solutions. Malachite green (MG) is a common basic dyestuff of triphenylmethane series used for dyeing silk and wool directly and cotton mordanted with tannin. Rhodamine B is also widely used in many industries. The properties of these dyes are given in Table 1 . 
Experimental

Adsorbent
The activated carbon used in this study was prepared one-step pyrolysis by carbonizing tamarind fruit shells in a muffle furnace at a temperature of 600°C for 30 minutes. The carbon was ground and sieved to get particles of size 150-250 µm.
Estimation of dyes
The dyes were estimated colorimetrically by monitoring their absorption in the visible region, 555nm for RB and 620 nm for MG, using Spectronic 20D+ spectrophotometer (Spectronic Instruments, USA). Calibration graphs were prepared (1-6mg/L for RB and 1-8 mg/L for MG) and concentrations of sample aliquots were established by referring to the respective calibration graph.
Adsorption experiments
Batch mode adsorption method was followed. For equilibrium adsorption studies, a known amount of adsorbent was equilibrated with 50 mL of dye solutions of desired concentrations for a predetermined period of time at a constant temperature (30, 45 and 60°C). After the equilibration, the carbon was separated by filtration using Whatmann No.41 filter paper, the first 10 mL of filtrate was discarded and the remaining filtrate was analyzed for the unadsorbed dye concentration. For kinetic studies experiments were done with fixed carbon and adsorbate doses with varying contact times. pH variation studies were performed with adjusting the initial pH of the dye solutions with dil. HCl or dil. NaOH solutions.
Desorption experiments
To test the recoverability of the adsorbed dye molecules, some desorption experiments were done with water, dil. HCl and dil acetic acid as the desorbing agents. For this, the dye loaded carbon particles, after filtration, were contacted with 50 mL of desorbing solutions for four hours and the extracted dye concentrations are found calorimetrically.
Results and Discussion
Equilibrium studies
The equilibrium adsorption data obtained are correlated to the following three isotherm equations: Freundlich, Langmuir and Redlich-Peterson. The Langmuir model assumes monolayer surface coverage on equivalent sites 10 , the Freundlich model, on the other hand, assumes a heterogeneous adsorption surface with sites that have different energies of adsorption and are not equally available. The Freundlich equation 11 is more widely used but provides no information on the monolayer adsorption capacity in contrast to the Langmuir model. The Redlich-Peterson model 12 is described as a combination of both the other models and is often used to describe equilibrium over a wide range of concentration.
Freundlich
3) The combined isotherm plots are shown in Figure 1 . The individual isotherm shapes have been found from these plots and were labeled under Giles's classification. 13 The sorption of RB is of L1 type while that of MG is that of the high affinity H2 type. The isotherm constants have been calculated and their values are presented in Table 2 along with their correlation coefficient values.
Two points are clear from Table 2 . The first is that of the three isotherm models used it is the three-parameter Redlich-Peterson model that describes the equilibrium data with best accuracy (as inferred from the correlation coefficient values, r 2 ). The second fact is the high adsorption capacity of the carbon towards MG. This is evident from the Langmuir monolayer capacity values (3.9438 for RB while 83.4063 for MG). The high capacity towards MG could be due to the small size of MG compared to RB. The small MG molecules can get access into even small pores while the relatively larger RB can't.
pH Variation
The effect of initial pH of external solutions on the adsorption extent of dyes are shown in Though there are some discrepancies at pHs below 4.0 for RB adsorption, it is seen in general, that increasing solution pH increases the extent of dye removal. This trend can be explained as follows. Both the dyes selected for study are cationic dyes. When the solution pH is increasing, the adsorbents' surface will become more and more negative which will increase the affinity of the surface towards the positively charged dye molecules.
Kinetics
The kinetic curves for the adsorption of dyes are shown in Figure 3 . Figure 3. Kinetic curves for the adsorption of dyes on TFC The kinetic data obtained were fitted to the following two kinetic models reported in the literature 14, 15 .
First order rate equation log (q e -q t ) = log q e(1) -k 1 t (4) Second order rate equation t/q t = (1/h) + (1/q e(2) ) t (5) where, q t (mg/g) is the amount adsorbed at time t (min); q e , amount adsorbed at equilibrium (mg/g); q e (1) , adsorption capacity predicted by the I order model (mg/g); k 1 , first order rate constant (min -1 ); h (=k 2 /q e(2) 2 ), initial sorption rate (mgg -1 min -1 ); and q e(2) , adsorption capacity predicted by the II order model (mg/g).
The results of kinetic fittings and the parameters associated with each model along with the correlation coefficients are shown in Tables 3 and 4 .
The high correlation coefficients and the good agreement between the theoretical q e and experimental q e values for the II order model suggest that the sorptions are better described by this model. Such a betterment of the II order model over I order model has been observed for many adsorption processes. Assuming the dye molecules as ions, attempts were made to study whether the (ionic) adsorption is film-diffusion controlled or particle-diffusion controlled following the methodology of Boyd 16 and Reichenberg 17 The sorption kinetics is represented by the following equation:
where, B(=D i π 2 r 2 ) is a time constant; F is the fractional attainment of equilibrium at time t; D i is the effective diffusion coefficient of the ions in the adsorbent phase; r is adsorbent particle radius and n(= 1,2,3,…) are the integers defining the infinite series solution obtained by a Fourier type of analysis. Bt values can be derived for each F value by the use of Reichenberg's table. 17 A plot of t versus Bt is used to find whether the process is film or particle diffusion controlled. The t versus Bt plots are presented in Figure 4 . figure 4 that the lower concentrations plots do not pass near the origin while for higher concentrations the lines cut the x-axis near the origin indicating that pore or particle diffusion of the dyes is rate determining at higher concentrations. On the other hand, film diffusions may be controlling the overall rate at low concentrations. The effective pore diffusion coefficients evaluated are presented in Table 5 .
Effect of Temperature
Increase in reaction temperature lead to increase in the extent of adsorption of both dyes. Isotherm parameters evaluated at the higher temperatures are given in Tables 6 and 7 . 
where K C is the equilibrium constant for the distribution of dyes between the liquid and solid phases; T is absolute temperature, °K and R the gas constant. Van't Hoff plots were constructed for each system and ∆H and ∆S were calculated from the slope and intercept of the plots, respectively ( The negative values of ∆G obtained for the adsorptions reflect the spontaneity. The positive values of ∆H indicate the endothermic nature and the positive values of ∆S indicate increased randomness at the interface. The magnitudes of ∆S for the adsorption of dyes are much higher than those of metal ions. This could be due to the size of the dye molecules. A single dye molecule displaces a lot of water molecules from the adsorbent surface, as it is very large in size compared to water molecules.
Desorption Studies
The results of desorption studies are presented in Table 9 . Dilute acetic acid was able to desorb the adsorbed dyes to the greatest extent. These results strongly points that the dyes are chemisorbed on the adsorbent. Table 9 . Desorption of dyes
Conclusions
The work described has shown that direct carbonization of tamarind fruit shells can be used as a means of preparation of activated carbon that can be successfully used for the removal of cationic dyes like rhodamine B and malachite green. The three-parameter RedlichPeteroson model was the best among the three isotherm models studied in correctly predicting the equilibrium adsorption data. The kinetics of the pH dependant sorptions were found to be film-diffusion controlled at low dye concentrations and particle diffusion controlled at high dye concentrations. Temperature variation studies indicated that the sorptions are endothermic. Dilute acetic acid can be successfully used for the desorption of adsorbed dye molecules.
